Ashikaga, Hiroshi, James W. Covell, and Jeffrey H. Omens. Diastolic dysfunction in volume-overload hypertrophy is associated with abnormal shearing of myolaminar sheets. Am J Physiol Heart Circ Physiol 288: H2603-H2610, 2005. First published February 11, 2005 doi:10.1152/ajpheart.01276.2004.-Diastolic dysfunction in volume-overload hypertrophy by aortocaval fistula is characterized by increased passive stiffness of the left ventricle (LV). We hypothesized that changes in passive properties are associated with abnormal myolaminar sheet mechanics during diastolic filling. We determined three-dimensional finite deformation of myofiber and myolaminar sheets in the LV free wall of six dogs with cineradiography of implanted markers during development of volume-overload hypertrophy by aortocaval fistula. After 9 Ϯ 2 wk of volume overload, all dogs developed edema of extremities, pulmonary congestion, elevated LV end-diastolic pressure (5 Ϯ 2 vs. 21 Ϯ 4 mmHg, P Ͻ 0.05), and increased LV volume. There was no significant change in systolic function [dP/dtmax: 2,476 Ϯ 203 vs. 2,330 Ϯ 216 mmHg/s, P ϭ not significant (NS)]. Diastolic relaxation was significantly reduced (dP/ dt min: Ϫ2,466 Ϯ 190 vs. Ϫ2,076 Ϯ 166 mmHg/s, P Ͻ 0.05; time constant of LV pressure decline: 32 Ϯ 2 vs. 43 Ϯ 1 ms, P Ͻ 0.05), whereas duration of diastolic filling was unchanged (304 Ϯ 33 vs. 244 Ϯ 42 ms, P ϭ NS). Fiber stretch and sheet shear occur predominantly in the first third of diastolic filling, and chronic volume overload induced remodeling in lengthening of the fiber and reorientation of the laminar sheet architecture. Sheet shear was significantly increased and delayed at the subendocardial layer (P Ͻ 0.05), whereas magnitude of fiber stretch was not altered in volume overload (P ϭ NS). These findings indicate that enhanced filling in volume-overload hypertrophy is achieved by enhanced sheet shear early in diastole. These results provide the first evidence that changes in motion of radially oriented laminar sheets may play an important functional role in pathology of diastolic dysfunction in this model.
finite deformation; strain; fiber; sheet; diastolic function THE LAMINAR STRUCTURE of the myocardium consists of radial arrangement of myofiber bundles approximately four cells thick with extensive cleavage planes between the laminae (23) . It has been established that the myolaminar sheets provide the key mechanism of regional systolic (10) and diastolic (3) function. For example, local shearing of the sheet structure is an important mechanism of ventricular wall thinning during diastole (3, 35) .
Heart failure due to chronic volume overload induced by aortocaval fistula is associated with significant increase in passive stiffness of the left ventricle (LV) (18, 26) . One of the potential mechanisms may be remodeling of the extracellular matrix (ECM) during hypertrophy (17, 18) . Because the myocardial sheet structure is enclosed and interconnected by the ECM (23) , ECM remodeling may mitigate the normal sheet mechanics, thus increasing the overall passive stiffness of the ventricle during diastole. Moreover, previous studies suggest that sheet shear may play an important role during diastolic filling (3, 37) . Therefore, we hypothesized that the changes in passive properties in chronic volume-overload heart failure are associated with abnormal sheet mechanics during diastolic filling.
To test this hypothesis, we determined myocardial threedimensional (3-D) finite deformation in the LV anterior wall of dogs in vivo in volume-overload hypertrophy. The time course of myocardial strains in fiber-sheet coordinates referred to the end-diastolic configuration was determined during diastolic filling. This allowed us to study dynamic changes during diastolic filling at the level of myofibers and sheet structures before and after development of diastolic dysfunction.
METHODS
All animal studies were performed according to National Institutes of Health guidelines for the care and use of laboratory animals in research. All protocols were approved by the Animal Subjects Committee of the University of California-San Diego, which is accredited by the American Association for Accreditation of Laboratory Animal Care.
Experimental protocol. Six adult mongrel dogs (21-25 kg) were anesthetized with intravenous thiopental sodium (8 -10 mg/kg) and mechanically ventilated with isoflurane (0.5-2.5%) and nitrous oxide (3 l/min). Under sterile conditions, the heart was exposed through a left thoracotomy at the fourth intercostal space. Gold beads (2 mm) were sutured to the apical dimple (apex bead, Fig. 1A ) and at the bifurcation of the left anterior descending and left circumflex coronary arteries (base bead, Fig. 1A ). To measure 3D myocardial deformation in each heart, transmural marker arrays or a "bead set" was placed within the LV anterior free wall (Fig. 1, A and B) , as described previously (3, 41) . Briefly, an 8-mm-thick Plexiglas template was sutured to the epicardium, with three holes forming a 10-mm equilateral triangle to act as guides for the bead insertion trocar. Four to six 0.8-mm-diameter gold beads were inserted one by one to create a total of three columns of beads spanning from endocardium to epicardium (Fig. 1B) . After the bead insertion was complete, the platform was removed, and a 1.7-mm-diameter surface gold bead was sewn onto the epicardium above each column. Through a stab wound in the apex, a precalibrated micromanometer pressure catheter (model P6, Konigsberg Instruments, Pasadena, CA) was inserted to monitor LV pressure (LVP). A 9-Fr silicone catheter (IntiSilf, Access Technologies, Skokie, IL) was inserted into the left atrium (LA) to monitor LA pressure, which was used in every imaging study to correct for baseline drifting of the LV micromanometer. The chest was closed, and the animals were allowed to recover for 7-10 days. Control imaging studies were performed for each animal. Under sedation with intravenous propofol (5.5-7.0 mg/kg), the dogs were suspended in a sling in a biplane X-ray system (24) . Biplane cineradiographic images (125 frames/s) of the bead markers were digitally acquired (3) for at least one full respiratory cycle, and data used in the analysis were taken near end expiration to minimize the effects from respiratory variation. Through an abdominal incision under general anesthesia, the aorta and inferior vena cava were then exposed below the renal arteries, and a 1.0-to 1.2-cm side-to-side anastomosis was constructed (30, 38) . The abdomen was closed, and patency of the shunt was evidenced by an audible murmur throughout the study. Imaging studies were repeated every week for 9 Ϯ 2 wk of follow-up (see RESULTS). After the final sedated imaging study, the animal was anesthetized and mechanically ventilated. To fix each heart in the end-diastolic configuration in a controlled manner at a known LV end-diastolic pressure (LVEDP), median sternotomy was performed and another imaging study was conducted at end expiration with LVEDP adjusted by phlebotomy to match the LVEDP in the control study. The animal was then euthanized with pentobarbital sodium, and the heart was perfusion fixed in situ with 2.5% buffered glutaraldehyde at the LVEDP in the control study (44) .
Histology. Because the heart was fixed at the same LVEDP, fiber and sheet angles in the fixed hearts were assumed to represent the fiber-sheet structure (23, 36) in the end-diastolic reference configuration of the final study in vivo matched to the LVEDP of the control study (3, 5, 10, 37) . To avoid the distortional effects of dehydration and embedding, histological measurements were obtained with freshly fixed heart tissue (3, 5, 10, 37) . In the transmural block of tissue within the implanted marker set, the fiber (␣) and sheet (␤) angles were determined from epicardium to endocardium at every 1-mmthick section sliced parallel to the epicardial tangent plane, as described previously (3); ␣ and ␤ were measured with reference to the positive circumferential and radial axes, respectively (Fig. 2) .
Finite strain analysis. The digital images from the X-ray image intensifiers were corrected for spherical distortion and magnification to reconstruct the 3D coordinates of the markers in each frame, and continuous, nonhomogeneous transmural distributions of 3D finite strains were calculated (3). Six independent finite strains (E 11: circumferential strain, E22: longitudinal strain, E33: radial strain, E12: circumferential-longitudinal shear, E23: longitudinalradial shear, and E 13: circumferential-radial shear) were computed in the local cardiac coordinate system [circumferential (X1), longitudinal (X2), and radial (X3) axes; Ref. 27 ], which were used to compute another set of six finite strains (Eff: fiber strain, Ess: sheet strain, Enn: strain normal to the sheet plane, Efs: fiber-sheet shear, Esn: sheet shear, and Efn: fiber shear) in the local fiber-sheet coordinate system (X f: fiber axis, Xs: sheet axis, Xn: axis normal to fiber-sheet plane) (Fig. 1C ) through an orthogonal transformation using ␣ and ␤ at each depth (10) . In layers where two separate sheet populations were present (see RESULTS) , the mode of the dominant sheet population was used to calculate sheet strains. Values for ␣ and ␤ at a given time point in control conditions and hypertrophy were calculated from myocardial deformation with the configuration of the respective time point as the deformed state and the end-diastolic configuration of the final open-chest study with matched LVEDP as the reference state (37) . In each set of finite strains, three normal strain components reflect myocardial stretch or shortening along each axis and three shear strains represent angle changes between pairs of the initially orthogonal axes. The data analysis includes fiber strain Eff, sheet strain Ess, and sheet shear E sn. Because the sign of sheet shear can be positive or negative depending on ␤, the absolute value of E sn was used in the data analysis to reflect the absolute change of sheet shear from the reference configuration at end diastole (ED). A: schematic representation of the heart. X1, circumferential axis; X2, longitudinal axis; X3, radial axis; LAD, left anterior descending coronary artery; LCx, left circumflex coronary artery; LV, left ventricle; LA, left atrium. A precalibrated micromanometer pressure catheter was inserted into the apex to monitor LV pressure (LVP). A 9-Fr silicone catheter was inserted into the LA to monitor LA pressure (LAP), which was used in every imaging study to correct for baseline drifting of the LV micromanometer. B: the bead set consisted of 3 transmural columns of 4 -6 gold beads (0.8 mm) and a surface gold bead (1.7 mm) above each column. Finite deformation of the myocardium was calculated from displacement of each material point (ϭ bead) in space. Epi, epicardium; Endo, endocardium. C: diastolic filling. Diastolic filling was defined as the period beginning at mitral valve opening (MVO; time ϭ 0%, pressure crossover of LVP and LAP) and ending at end diastole (ED; time ϭ 100%, peak of ECG R wave). ᮀ, Longitudinal strain (E22) at 80% wall depth in a control animal. ECG, surface electrocardiogram. D: fiber-sheet coordinate system. Each cylinder represents a myofiber. Myofibers are organized into laminar "sheets," which are ϳ4 cells thick and roughly stacked from apex to base (23) . Sheet angle (␤) is measured with reference to the positive radial axis (X3). Xf, fiber axis; Xs, sheet axis; Xn, axis normal to fiber-sheet plane.
Transmural finite strains were calculated for each frame as a deformed configuration during diastolic filling, with ED (peak of ECG R wave) as the reference configuration. Diastolic filling was defined as the period beginning at mitral valve opening (MVO; crossover of LV and LA pressures) and ending at ED (Fig. 1B) . The strain data in each animal during diastolic filling were linearly interpolated at 10% increments in time between MVO (time ϭ 0%) and ED (time ϭ 100%). The strain time course was determined at three wall depths: 20% (subepicardium), 50% (midwall), and 80% (subendocardium) from the epicardial surface.
Statistical analysis. Values presented are means Ϯ SE unless otherwise specified. A paired t-test was used to compare hemodynamic parameters. Two-factor repeated-measures ANOVA was used to determine the effects of hypertrophy and depth on transmural fiber and sheet angles and the effects of hypertrophy and time during diastolic filling on each strain component. The Student-NewmanKeuls method was used for ANOVA post hoc analysis. Statistical tests were performed with SigmaStat 3.0 (SPSS, Chicago, IL). Statistical significance was accepted at P Ͻ 0.05.
RESULTS
The dogs were followed for 9 Ϯ 2 wk after construction of the fistula, and all dogs (n ϭ 6) developed clinical signs of heart failure, including edema of extremities, pulmonary congestion, elevated LVEDP, and increased LV volume estimated from the apex-base length and basal diameter (4). However, there was no significant change in body weight [22. 3 Ϯ 0.6 vs. 22.5 Ϯ 0.8 kg, P ϭ not significant (NS)]. The measurement site was located 68 Ϯ 4% of the distance from base to apex along the LV long axis, in a region of the anterior LV free wall ϳ1-2 cm septal of the anterolateral papillary muscle. Mean wall thickness at the measurement site was 11 Ϯ 1 mm, and the deepest bead was located at 97 Ϯ 3% wall depth from the epicardial surface. Heart weight was 280 Ϯ 31 g, LV weight was 171 Ϯ 18 g, and the ratio of LV weight (g) to body weight (kg) was 7.7 Ϯ 0.9 g/kg. Volume changes within the bead sets indicated a 21% increase in the myocardial tissue volume at the measurement site.
Hemodynamic parameters. All the animals remained in sinus rhythm for the entire duration of the study. Although the heart rate increased from 105 Ϯ 9 to 130 Ϯ 12 beats/min, the duration of diastolic filling was variable and there was no significant difference between control and hypertrophy (304 Ϯ 33 vs. 244 Ϯ 42 ms, P ϭ NS; Table 1 ). The indexes of systolic function [maximum LVP (LVP max ) and dP/dt max ] were unchanged (P ϭ NS), whereas those of relaxation were significantly altered in hypertrophy. The magnitude of dP/dt min decreased (Ϫ2,466 Ϯ 190 vs. Ϫ2,076 Ϯ 166 mmHg/s, P Ͻ 0.05), and the time constant of isovolumic LVP decline (28, 34, 42) was significantly prolonged from 32 Ϯ 2 to 43 Ϯ 1 ms (P Ͻ 0.05).
Transmural fiber and sheet angles. There was no difference in transmural fiber angle distribution between control conditions and hypertrophy at MVO. In either control conditions or hypertrophy, transmural fiber angles did not significantly change from MVO to ED (P ϭ NS; Fig. 3) . Similarly, transmural sheet angles did not change during diastolic filling in control conditions (P ϭ NS). In contrast, transmural sheet angles significantly decreased from MVO to ED in hypertrophy (P Ͻ 0.05). Because transmural sheet angles were negative at MVO, a decrease in angle indicates that the sheets become more oblique to the radial axis toward ED in hypertrophy, contributing to diastolic wall thinning (Fig. 4) .
Strain time course. Figure 5 shows the time course of cardiac strains during the control study at subepicardial and subendocardial layers. The reference configuration was ED for each contraction. All cardiac strain components exhibited a substantial transmural gradient at MVO that was less apparent later in diastole. The greatest change in strain values occurred in the first third of the diastolic filling, or early ventricular filling. For example, E 33 at the endocardium achieved 73% of the total diastolic deformation during the first third of diastole Values are means Ϯ SE; n ϭ 6. LVPmax, maximum left ventricular pressure (LVP); MVO, mitral valve opening; LVEDP, left ventricular end-diastolic pressure; dP/dtmax and dP/dtmin, peak positive and negative dP/dt, respectively; , time constant of isovolumic LVP decline; NS, not significant. The block was sliced into 1-mm-thick sections parallel to the epicardial tangent plane. In each 1-mm slice of tissue, ␣ was measured with reference to the positive circumferential axis (X1). Note that the orientation of the fiber axis (Xf) rotates counterclockwise from epicardium to endocardium. The 1-mm slice of tissue was sectioned perpendicular to the mean fiber direction, and ␤ was measured in the section plane with reference to the positive radial axis (X3). This process was repeated in all the 1-mm-slice tissues from the epicardium to the endocardium.
(0.297 Ϯ 0.063 to 0.081 Ϯ 0.024). Typically, there was little deformation in the last third of the diastolic filling period, which is consistent mechanically with the E wave-to-A wave ratio Ͼ1 in transmitral flow measurement of the normal heart. Figure 6 shows the time course of strains rotated into the fiber-sheet coordinate system and calculated with two different reference configurations. Figure 6A shows strain values calculated with the reference configuration at ED in control conditions, which illustrates both the tissue remodeling and increase in diastolic dimensions that occurred with volume-overload hypertrophy. It should be noted that at MVO (diastolic filling period ϭ 0%), fiber strain E ff in hypertrophy was significantly greater than control, indicating that tissue in the fiber direction is substantially longer in hypertrophy. These changes were sustained throughout the diastolic filling period, and ED fiber strain in hypertrophy at the subepicardium and subendocardium was 0.106 Ϯ 0.032 and 0.159 Ϯ 0.053, respectively, indicating that the myofibers underwent a stretch of Ͼ10% at each diastole relative to the control heart. As a result, the time course of fiber strain between control conditions and hypertrophy was significantly different (P Ͻ 0.05). Sheet strain at subepicardium in both control conditions and hypertrophy was small during diastolic filling, and there was no significant difference in the time course between control and hypertrophy. In contrast, subendocardial sheet strain was significantly greater in hypertrophy than in control conditions. At MVO, sheet strain in hypertrophy was 0.388 Ϯ 0.116, whereas that of the control heart was 0.157 Ϯ 0.053. ED sheet strain in hypertrophy at subendocardium was 0.205 Ϯ 0.073, indicating that there was a diastolic extension in the sheet direction of ϳ20% relative to the control heart. At both subepicardium and subendocardium, this shear strain was greater in hypertrophy than in control conditions during diastolic filling.
To compare the time course of diastolic deformation in control conditions and volume-overload hypertrophy independent of end-diastolic remodeling, another set of fiber-sheet strains was calculated with the reference configuration at ED of the respective state (Fig. 6B) . The overall time course of fiber strain was not significantly different between control conditions and hypertrophy (P ϭ NS), indicating that hypertrophy did not affect fiber stretch during diastolic filling relative to ED configuration. At the subepicardium, the majority of the fiber deformation (E ff ) occurred during the first third of the diastolic filling period in both control conditions and hypertrophy. In contrast, at the subendocardium, there is substantial deformation in hypertrophy occurring during diastasis and in the last third of diastole, corresponding to the time of atrial contraction. Sheet strain E ss was greater at subendocardium than subepicardium in both control conditions and hypertrophy, and there was no significant difference in the time course between control and hypertrophy (P ϭ NS). Sheet shear E sn in control showed a significant transmural gradient, being greater at subendocardium than subepicardium (0.167 Ϯ 0.025 vs. Fig. 3 . Transmural fiber and sheet angles during diastolic filling. Values are means Ϯ SE (n ϭ 6). Both in control conditions and hypertrophy, transmural fiber angles did not significantly change from MVO to ED [P ϭ not significant (NS)]. Similarly, transmural sheet angles did not change during diastolic filling in control (P ϭ NS). In contrast, transmural sheet angles significantly decreased from MVO to ED in hypertrophy (*P Ͻ 0.05). See text for details. Fig. 4 . Direction of sheet angle change during diastolic filling. Because transmural sheet angles (␤MVO and ␤ED, sheet angles at MVO and ED, respectively) were negative at MVO, a decrease in sheet angle during diastolic filling (Fig. 2) indicates that the sheets become more oblique to the radial axis toward ED. 0.067 Ϯ 0.017, P Ͻ 0.05). Sheet shear in hypertrophy exhibited an even greater transmural gradient, with a marked increase of sheet shear at subendocardium compared with subepicardium (0.331 Ϯ 0.067 vs. 0.094 Ϯ 0.021, P Ͻ 0.05). As a result, there was a significant difference in the time course of the sheet shear at subendocardium between control conditions and hypertrophy (P Ͻ 0.05). Because end-systolic sheet shear strains in control conditions and hypertrophy were similar (Table 2 ), this result indicates that hypertrophy caused a significant delay, or rightward shift, of the time course of sheet shear during diastole.
DISCUSSION
The aim of the present study was to examine the changes in diastolic deformation in the LV wall after hypertrophic growth induced by chronic volume overload. As the myocardium remodeled in response to volume overload, there was elongation in both the fiber and sheet directions, which were particularly prominent at the endocardium, and the orientation of the laminar sheets of the myocardium became less radial. The results show for the first time that the majority of fiber deformation in the anterior LV free wall occurs during the first third of the diastolic filling period and there is little or no fiber strain late in diastole. During the early diastolic time period, there was also substantial shearing deformation, which was particularly prominent in the endocardium after volume overload. This enhanced shearing deformation was not accompanied by increased fiber strain. These results imply that the enhanced early diastolic filling is associated primarily with remodeling-induced changes in the laminar architecture.
Diastolic hemodynamics and volume-overload hypertrophy. LV filling dynamics is a result of a complex interaction of filling pressure (43) , mitral valve mechanics (20) , and LV wall properties (6), which is primarily determined by active relaxation and passive stiffness (11, 46) . Impairment of these LV wall properties is associated with a clinical syndrome characterized by the signs and symptoms of heart failure despite preserved systolic function (45, 46) . The concept of "diastolic heart failure" is clinically well characterized (2, 40) , and it represents a major public health issue that accounts for almost half of all heart failure cases (39) and Ͼ25% of the total cost of heart failure treatment (12, 29) . Nevertheless, the proposed mechanism of diastolic heart failure is widely heterogeneous (47) , and, at a basic level, whether there exists consistent abnormality of intrinsic diastolic properties that can explain the occurrence of diastolic heart failure is still a topic of active debate (7, 21, 45) .
In chronic volume overload induced by aortocaval shunt, diastolic dysfunction in both active relaxation and passive stiffness has been documented. The LVEDP-volume curve in this model of chronic volume overload is similar to that of clinically observed chronic volume overload, most commonly mitral and aortic regurgitation. Both are characterized by a progressive rightward shift and an increase in the slope, or passive stiffness (8, 9, 26) . The rightward shift of the curve in chronic volume overload is ascribed not only to myofiber elongation (13, 30) and rearrangement (4) but also to diastolic creep, or time-dependent elongation of myofibers (1, 26) , which may be present in pressure overload (25) and chronic infarction, where infarct scar tissue has replaced portions of the LV (19) . In the present study, diastolic relaxation was significantly reduced despite the lack of significant change in indexes of systolic function. Therefore, this preparation appears to be a good model of diastolic dysfunction. The present study has identified abnormal sheet mechanics in this model of diastolic dysfunction; however, whether this mechanical abnormality may or may not be found in the clinical population of diastolic heart failure remains to be seen.
Diastolic fiber and sheet mechanics and volume-overload hypertrophy. The results of the present study indicate that the majority of diastolic deformation in the LV anterior wall occurs during the first third of the diastolic filling period. This temporal pattern is consistent with the diastolic deformation obtained noninvasively in humans by tagged MRI (22) and ultrasound strain rate imaging (16) . There is little or no fiber In A, the reference configuration for both control and hypertrophy conditions was determined at ED of the control study. In B, the reference configuration for control and hypertrophy was determined at ED of the control and hypertrophic states, respectively. Values are means Ϯ SE (n ϭ 6). Eff, fiber strain; Ess, sheet strain; Esn, sheet shear. Epi and Endo: 20% and 80% wall depth from the epicardial surface, respectively. *P Ͻ 0.05 by 2-factor repeated-measures ANOVA (control vs. hypertrophy). strain late in diastole (Fig. 5) . During early diastolic filling, there was substantial shearing deformation, which was particularly prominent in the endocardium after volume overload (Fig. 6B) . To examine the remodeling that occurs in the ventricular wall after volume overload we examined the diastolic strains with the initial control ED as the reference. Our results demonstrate that fiber strain, sheet strain, and sheet shear strain were significantly greater in hypertrophy compared with control conditions (Fig. 6A) . Although the study was not designed to separate the factors responsible for these changes, the increase in tissue length is compatible with the known increases in cell length and cell rearrangement and increases in diastolic pressure observed in this model (4, 13, 30) . There was also a significant increase in the change of transmural sheet angles between control conditions and hypertrophy during diastolic filling (Fig. 3) , likely reflecting an increased filling due to volume overload. However, because end-diastolic remodeling in ␤ between control and hypertrophy was not significant (4), the dynamic decrease of ␤ during diastolic filling in hypertrophy is mainly accounted for by a change of ␤ at MVO (Figs. 3 and 7) .
To more clearly elucidate the effects of ventricular filling on deformation in the LV wall and to partially separate them from the effects of tissue remodeling, we examined strains calculated with ED of each contraction as the reference configuration (Fig. 6B ). Fiber and sheet strains with reference to the ED configuration of the hypertrophic state were similar to those of the control state. Because both diastolic volume and stroke volume are increased in this model (26, 31, 32, 38) , the lack of increase in fiber strain during diastole after volume overload was an unexpected finding. In contrast, sheet shear E sn was enhanced at the subendocardial layer, resulting in a rightward shift of the time course (Fig. 6B) . These results suggest that enhanced ventricular filling in this model is achieved by enhanced shearing of the radially oriented laminar sheet structure, which could contribute to wall thinning. Spotnitz et al. (35) elegantly demonstrated that motion of the sheets contributes importantly to wall thinning during volume increases in the heart, and our recent studies (37) showed predicted sheet motion in normal diastole in the open-chest dog heart. The results in the present study indicate that factors that influence sheet motion may have important implications for ventricular function under pathological conditions. Volume-overload hypertrophy is associated not only with myofiber lengthening and rearrangement but also with dramatic changes in the arrangements of ECM components (33) . It has been demonstrated that this model of volume overload is associated with no changes in collagen concentration (17) , although the nature of the collagen cross-links may be changed (17, 18) . Thus we speculate that the mechanism of a reduction in interlaminar stiffness may not be associated with a reduction in collagen amount but more likely a shift to a more compliant type III collagen or to disruption of interlaminar struts.
In conclusion, fiber strain and shearing deformation occur predominantly in the first third of diastolic filling period, and chronic volume overload induces remodeling in lengthening of the fiber and reorientation of the laminar sheet architecture. Sheet shear was significantly altered and delayed at the subendocardial layer during diastolic filling, whereas the magnitude of fiber stretch during diastolic filling is not altered in volume overload. These findings indicate that the enhanced filling associated with this model is achieved by enhanced sheet shear early in diastole. These results provide the first evidence that changes in the motion of radially oriented myolaminar sheets may play an important functional role in the Fig. 7 . Schematic representation of fiber-sheet strains during diastolic filling. A: control, B: hypertrophy. ␤ED is not significantly different between control (␤ED-control) and hypertrophy (␤ED-hypertrophy). In contrast, ␤MVO is greater in control (␤MVO-control) than in hypertrophy (␤MVO-hypertrophy). The net result is a significantly greater sheet shear Esn, which contributes to greater wall thinning during diastolic filling in hypertrophy than in control conditions. Eff, fiber stretch; Ess, sheet shortening. pathology of diastolic dysfunction in this model of volumeoverload hypertrophy.
